In this study, a set of polylactic acid (PLA)/polyphenol extracted from date palm fruit (DP) blends were prepared by electrospinning process to be used as cell culture scaffolds for tissue engineering applications. For this purpose, PLA/DP blends with variable composition were dissolved in dichloromethane/dimethylformamide (70:30, v/v) mixture and then electrospun to obtain the fibres. Contact angle measurements, dynamic mechanical analysis, mechanical tensile and scanning electron microscopy (SEM) tools were used to study the physico-mechanical properties of the electrospun scaffolds. The results revealed that scaffolds became more hydrophilic with addition of DP. Increasing the polyphenol concentration caused the tensile strength and Young's modulus to decrease. The SEM graphs indicated a decrease in fibre diameter with increasing DP content. In addition, it was found that both cell proliferation and cell viability were enhanced with increased DP concentration within the scaffolds. The scratch test shows that there is an enhancement in cell migration through the scratch for PLA/DP scaffolds; again, higher DP content resulted better migration. Our results suggest that improved mechanical properties, decreased fibre diameter and enhanced hydrophilicity with addition of DP improved cell migration and cell adhesion for the scaffolds. Overall, these results demonstrate that DP is a potential natural cell-friendly product for tissue engineering applications such as tissue regeneration or wound healing assays.
Introduction
Tissue engineering (TE) combines cells, materials and appropriate biochemical factors to produce live tissues that would replace degenerative tissues. Despite the significant potential applications, developments in this field are far beyond the expectations and there are only few tissue-engineered products in the market [1] . One important component in TE is the selection of appropriate biomaterial for scaffold production that would not be rejected by the immune system once implanted to the host. Thus, many researchers work on techniques to promote tissue regeneration in biological environments [2] . The process requires overcoming inhibitory factors and promoting cell adhesion and cell proliferation to make the engineered tissue functional. Usually, biodegradable scaffold materials are selected to enhance tissue regeneration for replacing the synthetic biomaterial with the extracellular matrix (ECM) produced by the cells [3] . Another major challenge is the formation of reactive oxygen species (ROS) on the surfaces of transplanted biomaterial scaffolds [4] . In the body, ROS forms as a by-product of normal oxygen metabolism and is associated with important roles in cell signalling, wound healing and inflammatory responses. ROS oxidizes and releases molecules such as hydrogen peroxide (H 2 O 2 ), superoxide anions (O −2 ) and free radicals including hydroxyl (OH
•
) and peroxy (R-COO • ), which are usually short-lived and highly reactive inside the body. During diseased states such as inflammation, diabetes and cancer, ROS levels can increase dramatically which can damage the structure of the cells [5] . Thus, the use of antioxidant materials blended with biomaterials is an essential strategy in TE to prevent excessive ROS production, which might trigger inflammation and eventual rejection of the implant.
Along with other biodegradable polymers such as polycaprolactone (PCL) [6] and polyvinyl alcohol (PVA), polylactic acid (PLA) is one of the most exploited scaffold material for TE applications [7, 8] . Recent investigations on PLA scaffolds have focused on the optimization of their cell adhesion properties [9] . For instance, Llorens et al. [10] studied the incorporation of different types of antioxidants on PLA electrospun fibre scaffolds and found that the addition of antioxidants enhanced the cell adhesion characteristics. Moreover, it has been reported within in vitro and in vivo settings that when antioxidants are provided, free radicals responsible for cell damage are attenuated which results in rapid wound healing due to enhanced proliferation [11] . Therefore, incorporation of polyphenol antioxidant to PLA scaffolds, as reported herein, is expected to improve biocompatibility of these scaffolds in TE applications. Polyphenols extracted from plants have been used as dietary antioxidants and recent investigations showed that these compounds provide protection against development of cancers, cardiovascular diseases, diabetes, osteoporosis and neurodegenerative diseases [12] .
Several studies discussed the methods of polyphenol extraction from different plants such as green tea [13] and grapes [14] . Yanna et al. [15] investigated the antibacterial effect of different loadings of tea polyphenol on PLA electrospun nanofibres and showed enhanced antibacterial activity with addition of polyphenol. However, antibacterial activity gradually gets impaired when tea polyphenol content surpasses a certain level. Date palm is another plant containing polyphenols [16] and it is widely abundant in the Middle East [17] .
Although there are several studies for the application of PLA scaffolds in TE [10] , to best of our knowledge, there is no study that discussed the effect of the derived polyphenols from date palm fruit in PLA scaffolds. In this study, we introduce new electrospun nanofibre scaffolds made from PLA that was blended with polyphenol extracted from date palm fruits. The electrospun nanofibres were characterized for their physical, mechanical and morphological properties. In vitro biocompatibility tests were performed using NIH/3T3 fibroblast cells, since fibroblasts are the most abundant cells in skin tissue. MTT, live/dead and cell migration assays were performed for biological characterization. The aim of the present work is to demonstrate the potential benefits of incorporating polyphenol extracted from date palm fruit in PLA scaffolds for TE applications.
Materials and methods

Materials
The polylactic acid (PLA) used in this study is a high molar mass biopolymer (Ingeo™ Biopolymer 2003D) obtained from NatureWorks, LLC (USA). It is transparent with a density of 1.24 g cm −3 and melt flow index of 6.0 g/10 min at 2.16 kg/210°C. Dimethyl formamide (DMF) (ACS, 99.8%), gallic acid and sodium carbonate were purchased from Sigma Aldrich. Dichloromethane (DCM) with a density 133 kg/L and Folin-Ciocalteu reagent were obtained from BDH Middle East LLC. All reagents were used as received without further purification.
Polyphenol extraction from the data palm fruits
Extraction of polyphenol from date palm fruits was conducted according to the steps shown in Fig. 1 .
Date palm fruit (DPF) 30g has been mashed with a sharp knife and dried in air for 2 weeks.
The DPF was then added with 300 ml methanol-water (4:1, v/v), at room temperature (20 C for 5 h using an orbital shaker.
The extracts were then filtered Centrifuged at 5000 rpm, for 10 min.
Supernatant were concentrated under reduced pressure at 40 C for 3 h using a rotary evaporator to obtain the DPF ccrude extract.
the extract was kept in dark glass boƩles for three days inside the freezer unƟl use. Table 1 . The electrical conductivity of the solution was measured using a conductivity metre (Mettler Toledo S470). Viscosity and conductivity characteristics of the blends are summarized in Table 2 . Electrospun nanofibres were fabricated using NaBond electrospinning machine (Shenzhen, China). PLA suspensions were loaded into a 10-mL syringe, with a bluntend, stainless steel needle 0.7. An aluminium foil covered rotating drum collector was used as the collection screen. The collector is connected to the ground electrode of the power supply and the distance between the screen and the needle tip was 15 cm. The electrospinning process was conducted at room temperature at a voltage of 13 kV, flow rate of 0.8-1.5 mL/h and drum speed of 500 rpm. The thickness of produced mats was around 50 μm.
Characterization methods
Polyphenol characterizations
Total phenolic content
The total phenolic content was determined using FolinCiocalteu reagents. Forty microliters of extract was mixed with 1.8 mL of Folin-Ciocalteu reagent (diluted with 10-fold with distilled water) and the solution was kept at room temperature for 5 min. Then, 1.2 mL of sodium carbonate solution 7.5 wt% was added to the mixture and the solution was kept at room temperature for 60 min. The absorbance was then measured at 650 nm using a UV/VIS Biochrom spectrophotometer. The total polyphenol content was expressed as gallic acid equivalent (GAE)/100 g of the sample. For this step, a calibration curve was obtained with different concentrations of GA.
Scanning electron microscopy
The morphology of the electrospun fibres of PLA/polyphenol blends was inspected by a field emission scanning electron microscope (FE-scanning electron microscopy (SEM), Nova Nano SEM 650) at different magnifications. All specimens were sputter-coated with 2 nm gold before the use of the SEM.
Porosity
The porosity of the fabricated fibre mats was measured using the alcohol displacement method. The mats were immersed in 100% ethanol for 48 h until they were saturated and the percentage of porosity was calculated according to Eq. 1 below:
Here, W1 and W2 are the weight of the mat before and after immersion in ethanol respectively, V1 is the volume of the mat before immersion in ethanol and ρ is the density of ethanol, which equals to 789 kg/m 3 .
Contact angle measurements
The hydrophilicity of the electrospun fibre mats was assessed by determining contact angles. Contact angle measurements were carried out with water using a DataPhysics contact angle system OCA 20, in order to determine the changes in the hydrophilic character of pure PLA and its blend with different concentrations of polyphenol. Sample thicknesses of the fibre mats were 0.43 mm. All measurements were carried out with water, and each sample was measured with a minimum of five drops.
Tensile testing
Samples were cut into 1-cm width and 10-cm length rectangular pieces and mechanical testing was conducted at room temperature using LF LLOYD INSTRUMENTS (An Ameter Company) at a crosshead speed of 5 mm/min. Three specimens were used for each sample and the reported values are the average of obtained results. 4 cells/well for 24-well plates were seeded to each well in the experiments. Cells were then incubated for 24 h in CO 2 incubator until they reach full confluence at which point tested scaffolds were placed into cell culture wells. Scaffolds were sterilized by UV irradiation (20 min) prior to placement into wells containing cells. Cells were cultured in the presence of scaffolds for an additional 24 h.
Cell proliferation assay
Cell proliferation was quantified with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide known as MTT assay (Sigma, USA). This test indicates the number of viable cells and the level of metabolic activity of the cells in the presence of scaffolds [18] . For MTT assays, we cultured cells in 24-well plates. After incubation period with scaffolds (24 h in CO 2 incubator), the medium and scaffolds were discarded. The cells were then rinsed in PBS twice. We then added 50 μL of MTT solution (5 mg/mL in PBS) to each well and incubated for 4 h. After the incubation period, the reaction was stopped by discarding solution (MTT and DMEM medium) and the converted dye was dissolved in dimethyl sulfoxide (DMSO) for 15 min. Of the purple solution, 100 μL was taken from each sample, transferred to a 96-well plate and subjected to optical density (OD) measurements of the converted dye, at a wavelength of 570 nm according to the manufacturer's instructions, using a EPOCH2 microplate reader (BioTek). To quantify the effect of scaffolds on cell proliferation, Eq. 2 was used as follows:
All the experiments were repeated 3 times and absorbance was measured in triplicates.
Live/dead assay
A live/dead cell viability/cytotoxicity kit (Molecular Probes, USA) was used to visually evaluate the effect of scaffolds on cell viability. The live/dead stain was prepared by adding 5 μL of ethidium homodimer-1 (EthD-1) and 5 μL calcein AM to 10 mL serum-free medium (final concentrations of 1 μM EthD-1 and 2 μM calcein). Live cells convert calcein AM into green fluorescent calcein staining whole cytoplasm while EthD-1 penetrates through damaged membranes of dead cells and upon binding to nucleic acids produces a bright red fluorescence of the nucleus [19] . For live/dead assay, we used 6-well plates. After incubation period with scaffolds (24 h in CO 2 incubator), the medium and scaffolds were discarded. The cells were rinsed in PBS twice and then were treated with prepared stains for 1 h. Finally, the cells were visualized using an inverted fluorescence microscope at × 40 magnification (OLYMPUS IX-71, UK) and images were captured by Zen imaging software using an Axiocam camera (Zeiss). From the obtained images, cell viability was calculated using Eq. 3 below:
Here, L and D are the total number of visualized living and dead cells, respectively. Experiments were performed in triplicate for each experimental scaffold run.
Cell migration assay
Effect of PLA/polyphenol scaffolds on cell migration was determined by the scratch cell migration assay. The scratch was created in confluent cells on 6-well plate using a pipette tip. The cells were then rinsed with PBS to remove any freefloating cells and debris. Serum-free cell medium was then added, and culture plates were incubated at 37°C in the presence of scaffolds for 24 h. Images of scratched areas were captured with an inverted microscope (Olympus IX-71, UK). Experiments were performed in duplicates for each scaffold.
Results and discussion
Total phenolic content
The total phenolic compounds in date palm fruit are expressed as milligrammes of gallic acid equivalent in 100 g of fresh weight of the date fruit. The equation obtained from constructed plot of standard gallic acid was used to calculate the total phenolic content (line A = mx + C, R 2 = 0.98). Here, A is the absorbance and C is the concentration as gallic acid equivalent (mg/mL). We found 2.5 mg GAE/ 100 g of fresh weight, similar to the result reported for Algerian and Iranian date palm fruits [20] , where it ranged from 2.49 to 8.36 mg GAE/100 g of dry weight. The variation in total phenolic content is most likely due to factors such as maturity of the fruit and geographic origin.
Morphology and hydrophilicity
The surface morphologies of the electrospun fibres are shown in Fig. 2 . It can be observed that continuous fibres were obtained successfully in both pure PLA and PLA blended systems. It is clear that the fibre diameter is affected by the addition of the polyphenol: as the polyphenol contents increases, the fibre diameter decreases. This is an expected finding since high solution viscosity of pure PLA has been associated with the production of larger fibre diameter [21] . Our observation is consistent with a recent study by Yanna et al. [22] who also found that addition of polyphenol extracted from tea resulted in decreasing the fibre diameter due to viscosity lowering. Related contact angles of fibre mats are also shown in Fig. 2 , evaluated by Image J software. Both fibre diameter and contact angle decrease with increasing polyphenol content; while for pure PLA, the average fibre dimeter is 1.8 μm and the contact angle is 140°, for PLA/DP10, the average fibre dimeter is 500 nm and the contact angle is 98°. These result show that the blend hydrophilicity increases and fibre diameter decreases with the increase in polyphenol concentration in the PLA.
Porosity
The porosity of the fabricated PLA/DP scaffolds was evaluated using the alcohol displacement method. As shown in Table 3 , addition of polyphenol decreased the porosity. While pure PLA scaffold has 90% porosity, PLA/DP10 scaffold had 82% porosity. 
Mechanical properties
Mechanical characterization of electrospun nanofibres was performed by tensile testing measurements and dynamic mechanical measurements. Table 4 represents the tensile strength, the Young modulus of elasticity and the percentage of elongation at break for pure PLA and the PLA/polyphenol blend samples.
Tensile testing
Tensile strength and Young's moduli of PLA/DP nanofibres were significantly lower compared with pure PLA. As the polyphenol concentration increases, both tensile strength and Young's Modulus decreased. The presence of polyphenol also resulted in lower elongations. The elongation at break of the blended systems was significantly lower than that of the pure PLA. The decreases in tensile strength resulted from the weakening or plasticization of the PLA molecular chain bonding which could explain the significant drop in the elongation at break values in the blends [23] .
Dynamic mechanical analysis
The dynamic mechanical behaviour of the electrospun mats containing PLA/DP was measured in the broad temperature range as shown in Fig. 3 . The damping properties of the material give the balance between the elastic and viscous phases in a polymeric structure [24] . Figure 4 shows an increase in the Tg peak broadening with addition of polyphenol. The Tg for the neat PLA was 67°C and did not change with polyphenol addition. The Tg broadening and intensity decrease could indicate some interactions between the hydroxyl groups of the polyphenol and the carbonyl groups of the polylactic acid. The dynamic storage modulus (E) is defined as the stress in phase with the strain in a sinusoidal shearing deformation divided by the strain [25] . The variation in the storage modulus as a function of temperature for the studied blends is illustrated in Fig. 3 . As the temperature increases, the plateau region drops rapidly due to the increase in molecular mobility of the polymer chains at the Tg, indicating that the scaffold become more plasticized having easier mobility [26] .
Cell proliferation
As a strategy to determine the cytocompatibility of PLA and PLA/DP scaffolds, we performed cell proliferation studies using 3T3 fibroblast cell line as explained in Fig. 5 . MTT assay was used for this purpose and the result is shown in Fig. 6 . As expected, the proliferation of cells grown in the presence of PLA scaffold was comparable with those grown 
Cell viability
Direct visualization of viable cells is important in TE to evaluate the effect of scaffold conditions on cell behaviour. Cultured fibroblasts were cultured in the presence of pure PLA or PLA/polyphenol scaffolds and then were stained with a live/dead assay, where live cells fluoresce green and dead cells fluoresce red. As shown in Fig. 7 , both the control and PLA scaffold-treated groups showed relatively similar number of live and dead cells. The percentage of green fluorescent (live cells) was higher in PLA/DP5 scaffold treatment groups compared with the PLA scaffold groups. Very interestingly, in the PLA/DP10-treated cells, most cells were green, indicating the highest set of viability and cell proliferation. These results suggest that the DP incorporation in PLA scaffolds helped to improve the cell viability and cell proliferation of seeded 3T3 fibroblasts. However, we did not observe considerable variation in relative ratio of live and dead cells, which indicate the nontoxicity of all the tested scaffolds irrespective of DP content.
In support to our results, earlier studies demonstrated that PLA-based scaffolds do not elicit any cytotoxic effects on human foetal osteoblasts cells [27] . Another interesting study indicated that PLA nanofibre scaffolds could improve the mineralization rate of stem cells isolated from human exfoliated deciduous teeth [28] . The increased cell viability and proliferation upon treatment with electrospun PLA/DP scaffolds might be because of the improved hydrophilicity of the scaffolds due to the presence of polyphenol. Increased hydrophilicity in cell culture scaffolds is expected to enhance cell proliferation as shown in previous studies from our group [29, 30] . It is known that cells prefer to grow on moderately hydrophilic surfaces, since it enables the polymer to adsorb cell adhesion proteins [31, 32] . In addition to that, the released polyphenol from the scaffolds might have played an active role in improving cell viability and proliferation. Earlier reports suggest that antioxidant property of polyphenol can minimize ROS-induced cell damage and improve cell viability [33] . In summary, the present study provides a proof of concept for the ability of polyphenol to enhance cell viability and 
Cell migration
The wound healing scratch test can be used to understand the effect of wound coverage materials to accelerate or decelerate the healing of wounds in vitro [34] . The scratch assay results obtained using the scratch test are given in Fig. 8 . After 24 h of treatment with the scaffold, about 20% of scratched area was healed in control due to the migration of 3T3 cells into the scratched area. Relatively similar trend was observed on the PLA membranes. In contrast, both PLA/DP5 and PLA/DP10 scaffold groups considerably enhanced the scratch healing compared with the pure PLA scaffolds and control groups. Overall, it has been observed that polyphenol-containing PLA scaffolds improved the cell migration for the in vitro wound model. It has been previously observed that tea polyphenols loaded in chitosan scaffolds improved in vivo wound healing [35] . Further, biomolecules from date palm might also have played some role in wound healing in a similar manner [36] . In wounds, over-expression of proinflammatory cytokines might affect cellular functions and would retard the natural process of cell migration and wound healing [37] . Developed scaffolds incorporated with antioxidant DP could minimize the oxidative stress and subsequently promote healing process. However, detailed in vivo studies need to be performed to fully verify the wound healing potential of the developed scaffolds in animal models. Our future investigations will focus on such in vivo wound healing studies and the histological analysis of excised skin from the healed wound area.
Conclusion
In this study, we aimed to demonstrate the potential benefits of incorporating polyphenol extracted from date palm fruit in PLA scaffolds for TE applications. For this purpose, PLA scaffolds loaded with various concentrations of polyphenol were produced via electrospinning. Structural and mechanical characterizations were studied via SEM, contact angle, tensile testing and DMA. SEM revealed that the fibre diameter decreased, whereas the porosity of the scaffold increased with increased polyphenol content within the PLA matrix, suggesting enhanced cell culture characteristics of PLA/polyphenol scaffolds.
In vitro cell culture studies using NIH/3T3 fibroblast cells showed that the scaffolds were biocompatible and supported cell adhesion, particularly when the content of the polyphenols increased. The enhanced cell adhesion was attributed to the increased hydrophilicity of the polyphenol scaffolds. The surface tension of the scaffolds was assessed by analyzing the contact angle. The results showed that blend of PLA/DP scaffolds had higher hydrophilicities compared with hydrophobic PLA matrix. Thus, the enhancement in cell proliferation and cell viability and the increased cell migration through the scratch with higher loading of polyphenols were attributed to increased hydrophilicity. In summary, in this study, we demonstrated the potential utilization of PLA/polyphenol scaffolds for TE applications such as regeneration of damaged tissue or wound healing assays.
